ABSTRACT: Early gestation dexamethasone (dex) administration is an ovine model of fetal programming associated with increased coronary reactivity to angiotensin II (Ang II). NADPH oxidasedependent superoxide production plays an important role in both Ang II signaling and coronary disease. We sought to determine whether early gestation dex-exposure increases coronary reactivity to Ang II by enhancing endothelial NADPH oxidase-dependent superoxide production. Dex (0.28 mg/kg/d for 48 h) was administered to pregnant ewes at 27-28 d gestation. Dex-exposed and control offspring were studied at 4 mo of age. Coronary superoxide production was measured by lucigenin-enhanced chemiluminescence and dihydroethidium fluorescence. Coronary arteries from dex-exposed sheep had significantly enhanced vasoconstriction to Ang II, an effect abolished by either endothelial removal or preincubation with membrane-permeable superoxide dismutase and catalase. Ang II significantly increased endothelial superoxide production and NADPH oxidase activity in coronaries from dex-exposed offspring, but not controls. This programmed alteration in superoxide production was accentuated by PD123319 (AT 2 antagonist), but abolished by losartan (AT 1 antagonist). In conclusion, early gestation dex-exposure programs coronary reactivity to Ang II by enhancing Ang IIstimulated endothelial superoxide production. This programming effect may predispose to progressive coronary endothelial dysfunction and coronary artery disease. A n adverse intrauterine environment increases the risk of developing adult diseases, including hypertension, diabetes, and obesity (1). Animal models ranging from maternal undernutrition to uterine artery ligation or placental embolization have been used to induce metabolic syndrome in adult offspring (1). Mechanistically, these models impair fetal growth and increase fetal glucocorticoid exposure through down-regulation of placental 11␤-hydroxysteroid dehydrogenase (2,3). To better evaluate the effects of fetal glucocorticoid exposure on cardiovascular function later in life, in the absence of confounding alterations in maternal health and fetal growth, intrauterine glucocorticoid exposure models of fetal programming were developed (4). Using sheep, a species with cardiovascular developmental trajectory relatively analogous to that of humans, Dodic et al. noted first trimester dexamethasone (dex) exposure elicits offspring hypertension by 4 mo of age, despite normal intrauterine and postnatal growth (5).
A n adverse intrauterine environment increases the risk of developing adult diseases, including hypertension, diabetes, and obesity (1) . Animal models ranging from maternal undernutrition to uterine artery ligation or placental embolization have been used to induce metabolic syndrome in adult offspring (1) . Mechanistically, these models impair fetal growth and increase fetal glucocorticoid exposure through down-regulation of placental 11␤-hydroxysteroid dehydrogenase (2, 3) . To better evaluate the effects of fetal glucocorticoid exposure on cardiovascular function later in life, in the absence of confounding alterations in maternal health and fetal growth, intrauterine glucocorticoid exposure models of fetal programming were developed (4) . Using sheep, a species with cardiovascular developmental trajectory relatively analogous to that of humans, Dodic et al. noted first trimester dexamethasone (dex) exposure elicits offspring hypertension by 4 mo of age, despite normal intrauterine and postnatal growth (5) .
Using this dex-exposure model, we have demonstrated that programmed sheep have coronary artery-specific increases in both superoxide production and angiotensin II (Ang II) responsiveness without alteration in Ang II receptor expression (6, 7) . Supporting the relevance of these findings, a role for renin-angiotensin system activation in programmed cardiovascular disease has now been demonstrated in studies that bridge animal models and experimental interventions (5, (7) (8) (9) (10) (11) . Among its cardiovascular effects, Ang II is a prototypical agonist for vascular NADPH oxidase, an enzyme linked to progression of atherosclerotic plaques through increased endothelial superoxide production (12, 13) . Therefore, we hypothesized that early gestation dex-exposure increases postnatal coronary constriction to Ang II by enhancing endothelial NADPH oxidase-dependent superoxide production. was administered to the ewes by continuous i.v. infusion over 48 h. Dex-exposed lambs were pasture-raised in a fashion identical to that used for age-matched control lambs. At 4 mo of age, these lambs were killed with i.v. pentobarbital sodium (50 mg/kg; Abbott Laboratories, Abbott Park, IL).
METHODS

Animal model. The investigation conforms to the
Coronary reactivity. Proximal left anterior descending coronary artery segments were immediately dissected from dex-exposed and control sheep (n ϭ 7). Endothelium was removed from one arterial segment by rubbing. Rings were then mounted in wire myographs and equilibrated for 1 h, as previously described (7) . After equilibration, arteries were constricted with KCl (120 mM) to normalize subsequent reactivity data. After washing, endothelium-intact rings were incubated for 10 min in either buffer alone, indomethacin (10 Ϫ5 M), or a combination of polyethylene glycol-conjugated catalase (PEG-catalase) (250 units/mL) and PEG-superoxide dismutase (86 units/mL) to evaluate the role of prostanoids and reactive oxygen species in Ang II-mediated reactivity. Response was then measured to cumulative concentrations of Ang II (10 Ϫ11 -10 Ϫ7 M every 2 min). After re-equilibration, each ring was constricted with the thromboxane A 2 agonist U46619 before dilation with bradykinin (10 Ϫ7 M) and then sodium nitroprusside (10 Ϫ5 M) to evaluate endothelial and smooth muscle integrity, respectively. Fluorescent in situ superoxide anion detection. Immediately after harvest, distal left anterior descending coronary segments were incubated for 4 h in buffer with or without 10 Ϫ7 M Ang II. The segments were then cryosec-tioned (30 m) and incubated for 30 min at 37°C with dihydroethidium (2 M), a fluorophore selective for superoxide anion (14) . Fluorescence was detected with a Bio-Rad laser scanning confocal microscope (excitation 488 nm; detection 585 nm). Control and dex-exposed vessels were analyzed in parallel under identical laser settings, as previously described (6) . Chemiluminescence. Distal left anterior descending coronary arteries were further sectioned into 3 mm rings and opened longitudinally to increase the exposure of the endothelial layer. Based on preliminary studies in isolated coronaries showing that Ang II stimulates an immediate burst of superoxide production followed by a sustained increase 3-4 h later and that this superoxide production is greater after incubation with 10 Ϫ7 M Ang II than with 10 Ϫ9 M Ang II (data not shown), coronary segments were incubated at 37°C for 4 h in buffer with or without Ang II (10 Ϫ7 M). Basal superoxide anion production was measured by lucigenin (25 M)-enhanced chemiluminescence after 5 min of dark adaptation (luminometer model FB12; Zylux) (6) . NADPH oxidase-dependent superoxide production was then measured as the diphenylene-iodonium (10 Ϫ4 M)-inhibitable chemiluminescence measured after the addition of the enzyme substrate NADPH (10 Ϫ4 M). To evaluate the role of Ang II type 1 and type 2 receptors (AT 1 and AT 2 ) in Ang II-stimulated NADPH oxidase-dependent superoxide production, coronary segments from a second group of dex-exposed and control sheep (n ϭ 7) were preincubated for 5 min in either buffer alone, PD123319 (AT 2 antagonist; 10 Ϫ5 M) or losartan (AT 1 antagonist; 5 ϫ 10 Data analysis. All values are presented as mean Ϯ SE. Statistical comparisons were performed by Student unpaired, two-tailed t tests or analysis of variance, as appropriate. A value of p Ͻ 0.05 was considered significant. If analysis of variance identified significant differences, pairwise comparisons were made using the Tukey test. All analyses were performed using SAS System 9 for Microsoft Windows (SAS Institute Inc., Cary, NC).
RESULTS
Coronary reactivity. Vasoconstriction to 120 mM KCl and vasodilation to 10
Ϫ7 M bradykinin were not significantly altered by dex-exposure (Table 1) . Compared with intact rings, rubbed rings had similar vasoconstriction to KCl, but significantly decreased dilation to bradykinin (Table 1 ). All vessels dilated completely to sodium nitroprusside (data not shown). Early gestation dex-exposure led to significantly increased vasoconstriction to Ang II (Fig. 1A) . Although indomethacin significantly enhanced contractile responses in both groups (p Ͻ 0.01), indomethacin preincubation did not eliminate the dex-induced increase in Ang II responsiveness (Fig.  1C) . In contrast, the dex-enhanced Ang II contractility was eliminated by either endothelial rubbing (Fig. 1B) or preincubation with a combination of PEG-catalase and PEGsuperoxide dismutase (Fig. 1D) . Across all studies of Ang II-mediated vasoconstriction (Fig. 1) , utilization of cumulative concentrations of Ang II without interposed vessel reequilibration led to characteristic attenuation in constriction with prolonged Ang II exposure (tachyphylaxis).
Coronary superoxide production. Dihydroethidium fluorescence was increased within coronary arteries from dexexposed lambs (Fig. 2B , compared with control Fig. 2A ). After incubation with Ang II, endothelial superoxide levels were further increased in early gestation dex-exposed lambs (Figs. 2D and F), but not control lambs (Figs. 2C and E) . Previous dex-exposure was similarly associated with increased lucigenin-induced chemiluminescence (Fig. 3A) and increased Ang II-stimulated superoxide production (Fig. 3B) . Although NADPH oxidase-dependent superoxide production was not altered after dex-exposure (Dex: 2022 Ϯ 349 RLU/mg/s; Control: 1795 Ϯ 296 RLU/mg/s), Ang II incubation increased NADPH-stimulated superoxide production only among coronaries obtained from dex-exposed lambs (Fig. 4) . In the presence of the AT 2 antagonist PD123319, previous dexexposure led to significantly increased Ang II-stimulated superoxide production ( Fig. 4 ; p Ͻ 0.05 vs. control). These Ang II-induced alterations in superoxide production were completely blocked by the AT 1 antagonist losartan (Fig. 4) .
DISCUSSION
Epidemiologic studies have identified a range of environmental factors that predispose to coronary heart disease (15) . Low birth weight, a marker of an adverse intrauterine environment, was first identified as an independent risk factor for coronary mortality 2 decades ago (16) . Animal models of fetal programming were quickly developed to identify the causes of programmed cardiovascular disease. Among these models, dex administration early in sheep pregnancy has uniquely allowed comprehensive evaluation of offspring coronary artery physiology in the absence of confounding effects on fetal or postnatal growth. Using this model, we have previously demonstrated coronary-specific increases in AT 1 -dependent vasoconstriction (7). Importantly, this physiologic alteration occurred in the absence of alteration in AT 1 protein expression, raising the possibility that down-stream signaling pathways were permanently programmed by the early gestation steroid exposure. We now show that this prenatally induced alteration in coronary Ang II responsiveness is mechanistically linked to exaggerated endothelial superoxide production and further show that Ang II can exacerbate postnatal coronary dysfunction through AT 1 -mediated enhancement in NADPH oxidase-dependent superoxide production. The interrelationships between Ang II, NADPH oxidase activity, and coronary artery dysfunction have been a source of intense investigation. Studies of human coronary artery sections have demonstrated up-regulation of both tissue reninangiotensin systems and NADPH oxidase subunits in atherosclerotic vessels (13, 17, 18) . Further studies have shown that even in the absence of atherosclerosis, endothelial NADPH oxidase is the major source of coronary superoxide (19) , and infusion of Ang II increases vascular superoxide production by NADPH oxidase via direct stimulation of AT 1 receptors (20, 21) .
Just as superoxide production plays a central role in the inception and progression of coronary dysfunction and Ang II-mediated hypertension, superoxide-mediated endothelial dysfunction has been shown to play a key role in the pathogenesis of both glucocorticoid-induced and genetically determined hypertension (12, 22, 23) . With many models of fetal programming associated with both exaggerated glucocorticoid exposure and altered renin-angiotensin system activity (1), investigators have begun evaluating the role of Ang IIstimulated reactive oxygen species production in programmed hypertension. Using a rat undernutrition model, Franco et al. demonstrated that hypertensive male offspring had increased mesenteric Ang II concentrations and endothelial dysfunction as a consequence of enhanced AT 1 receptor-mediated superoxide production (9) . Similarly, male offspring of dams provided with a low protein diet through pregnancy displayed exaggerated carotid vasoconstriction to Ang II due to enhanced AT 1 receptor-mediated NADPH oxidase-dependent superoxide production (10) .
Our study supports and extends those findings by showing that coronary arteries from 4-mo-old male and female sheep previously exposed to an adverse intrauterine environment have enhanced vasoconstriction to Ang II due to a programmed increase in endothelial superoxide production. Although the referenced studies (9,10) only evaluated male offspring and some rodent studies have demonstrated sex differences in programmed hypertension (24, 25) , a majority of such studies ultimately reveal programmed hypertension in both genders (26 -32) . This is consistent with human epidemiologic studies revealing similar relations between birth weight and cardiovascular death or hypertension in men and women (33) (34) (35) . Although we are not aware of any fetal programming models that have demonstrated sex-specific programming of coronary physiology, our inability to perform meaningful subgroup analysis within the context of the present study may hamper the generalization of our results to other model systems.
The endothelial origin of the programmed coronary dysfunction was demonstrated both by wire myography and confocal microscopy. Although the wire myography studies revealed an important role for vasodilatory prostanoids in the regulation of coronary tone among both control and dexexposed sheep, it was preincubation with reactive oxygen species scavengers not indomethacin that blocked the development of the heightened Ang II-mediated vasoconstriction. Although preincubation with both membrane permeable superoxide dismutase and catalase confirmed a role for reactive oxygen species in programmed coronary dysfunction, use of the two compounds simultaneously limited our ability to explore, by wire myography, the reactive oxygen species predominately affected. We chose to use these agents in combination, rather than using superoxide dismutase in isolation, to avoid accumulation of hydrogen peroxide, a potent coronary vasodilator (36) . Subsequent studies were then designed with probes selective for superoxide to clarify our vascular reactivity findings. The results seen by lucigeninenhanced chemiluminescence and dihydroethidium fluorescence provide converging lines of evidence that early gestation dex induces coronary superoxide production.
Although we did not fully evaluate alternative sources of superoxide, including the mitochondrial electron transport chain, xanthine oxidase, cyclooxygenase, and uncoupled nitric oxide synthase, NADPH oxidases are considered the major sources of vascular superoxide (37) . This is supported by the nearly 100-fold increase in coronary superoxide production seen after addition of the NADPH oxidase substrate (NADPH), and the nearly complete loss of superoxide production after subsequent addition of the flavoprotein inhibitor diphenyleneiodonium. Finally, although we did not evaluate endogenous antioxidant activity within the context of these studies, our conclusion that the primary alteration is enhanced superoxide production, rather than impaired reactive oxygen species (ROS) scavenging, is supported by the chemiluminescence patterns, as well as the growing body of literature now revealing potent regulatory effects of Ang II on NADPH oxidase expression (20, 21) .
Perspectives. The present study provides novel information regarding glucocorticoid-programmed alterations in coronary artery physiology in the absence of fetal or postnatal growth restriction. Glucocorticoid exposure seems to be a final common pathway whereby a variety of adverse environmental exposures, from maternal undernutrition to psychological stress, prepare the fetus for postnatal survival, potentially at the expense of adult cardiovascular health. If the heightened Ang II responsiveness and superoxide production seen herein is similarly programmed in humans with a genetic predisposition to coronary disease, accelerated atherosclerosis and cardiovascular mortality may follow. Further studies in prehypertensive newborn lambs are necessary to ascertain whether the dex-induced ANGII-dependent superoxide production we have demonstrated is a primary phenotype or a consequence of hypertension-induced endothelial dysfunction. Regardless of its antecedents, the biologic ramifications of this environmentally programming coronary physiology would presumably be most harmful if it occurs in conjunction with increased renin angiotensin system activity, as may occur during the evolution of reno-vascular hypertension.
